Abstract Transcription factor NF-E2-related factor-2 (Nrf2) is a key regulator of endogenous anti-oxidant systems shown to play a neuroprotective role in the adult by preserving blood-brain barrier function. The choroid plexus, site for the blood-CSF barrier, has been suggested to be particularly important in maintaining brain barrier function in development. We investigated the expression of Nrf2-and detoxification-system genes in choroid plexus following systemic LPS injections, unilateral cerebral hypoxiaischemia (HI) as well as the combination of LPS and HI (LPS/HI). Plexuses were collected at different time points after LPS, HI and LPS/HI in 9-day old mice. mRNA levels of Nrf2 and many of its target genes were analyzed by quantitative PCR. Cell death was analyzed by caspase-3 immunostaining and TUNEL. LPS caused down-regulation of the Nrf2-system genes while HI increased expression at earlier time points. LPS exposure prior to HI prevented many of the HI-induced gene increases. None of the insults resulted in any apparent cell death to choroidal epithelium. These data imply that the function of the inducible antioxidant system in the choroid plexus is down-regulated by inflammation, even if choroid cells are not structurally damaged. Further, LPS prevented the endogenous antioxidant response following HI, suggesting the possibility that the choroid plexus may be at risk if LPS is united with an insult that increases oxidative stress such as hypoxiaischemia.
Introduction
Emerging evidence suggests that structural and functional impairment of the blood brain barrier (BBB) contributes to metabolic disorders (Garbuzova-Davis et al 2011) . Further, in childhood neurodegenerative lysosomal storage disorders disruption of the BBB is a serious complication (Saha et al 2012) . Others have identified inflammation as an important factor in metabolic diseases such as neuronopathic Gaucher (Sun et al 2010) and inhibition of inflammatory mediators augment neurodegeneration in Sandhoff disease mice (Wu and Proia 2004) .
The BBB together with the blood-cerebrospinal fluid (CSF) barrier (BCSFB) constitutes cerebral interfaces to maintain homeostasis within the central nervous system: both barriers tightly seal CNS from the changeable milieu of the blood stream. Whereas the BBB is established by specialized endothelial cells of CNS blood vessels, the BCSFB is formed by the epithelial cells of the choroid plexus. The choroid plexus has been suggested to play a particularly important role in the developing brain since it differentiates early, is large in comparison to brain size in the developing animal and many of its transport and enzymatic functions are already present soon after it is formed (Johanson 1995; Johanson et al 2002; Ek et al 2012; Liddelow et al 2012) . Between the epithelial cells of the choroid plexus there is a well organized network of tight junctions that constitute a physical barrier already in the embryo (Ek et al 2003; Johansson et al 2006) . There are also different transporter proteins present (Strazielle and Ghersi-Egea 2000; Strazielle et al 2004) forming an efficient enzymatic barrier, which prevents the entry of neurotoxic compounds into the CSF and also facilitates export from CSF to blood. The functionality of many of these transport mechanisms is based on a glutathione-dependent detoxification processes involving glutathione-S-transferase (Gst), present in the choroid plexus shortly after it differentiates (Senjo et al 1986; Beiswanger et al 1995) . Further, Gst activity has been found at higher levels in the developing plexus than in adult, indicating special importance of this organ for detoxifying mechanisms as well as barrier function in the developing brain (Ghersi-Egea et al 2006) .
Free radicals including reactive oxygen species are produced in excess during inflammation as well as during hypoxia-ischemia (HI)/reperfusion and are major mediators of perinatal brain injury (Ferriero 2001) . Evidence from clinical studies demonstrates that newborn infants presenting with hypoxic-ischemic encephalopathy (HIE) or posthemorrhagic ventricular dilatation show an increase in markers of oxidative stress in CSF (Sävman et al 2001; Ogihara et al 2003) . Further, higher activity of both superoxide dismutase (SOD) and glutathione peroxidase (GPx) in CSF correlate with the degree of encephalopathy in infants (Gulcan et al 2005) further implementing a role for an imbalance in redox state in brain pathology. In neonatal rats, we have shown that the anti-oxidant N-acetyl cysteine provides up to 78 % protection from LPS-induced brain damage (Wang et al 2007) . Together these studies show that oxidative stress can contribute to perinatal brain injury and suggest that the response of endogenous anti-oxidant systems may play a role in determining neuropathological outcome.
A main regulator of the intracellular anti-oxidant defense is the transcription factor NF-E2-related factor-2 (Nrf2). Activation of Nrf2 has been shown to be neuroprotective in both adult (Innamorato et al 2008) and neonatal brain injury models (Ping et al 2010) . Nrf2 also induce protection of brain-blood barrier function after traumatic brain injury by reducing the loss of endothelial cell markers and tight junction proteins (Zhao et al 2007) . Systemic LPS downregulate genes involved in maintenance of barrier function in the choroid plexus of adult animals (Marques et al 2009) and neonatal HI has been reported to cause severe damage to the choroid plexus (Rothstein and Levison 2002) . Recently, Nrf2 activation has been reported to protect the BCSFB in vitro from damage caused by H 2 O 2 (Xiang et al 2012) , suggesting that Nrf2 may be a regulator of the maintenance of choroid plexus function.
In order to test the hypothesis that inflammation/oxidative stress can alter the gene expression of the endogenous anti-oxidant defense at the blood-CSF interface in the neonate we exposed 9-day old mice to LPS or HI and examined the mRNA expression of Nrf2 and genes related to the Nrf2-system, together with markers involved in apoptosis and barrier mechanisms in the choroid plexus. As LPS is known to sensitize the immature brain to HI via down-regulation of anti-oxidant capacity, we also tested the hypothesis that LPS pre-exposure would change the expression of the antioxidant Nrf2-system in response to HI using a well established model of combined LPS/HI (Eklind et al 2001; Wang et al 2009) .
Methods

Neonatal LPS injections and hypoxic-ischemic brain injury
All experiments were performed on C57/Bl6 mice housed at Experimental Biomedicine, University of Gothenburg. All experiments were conducted in accordance with Department of Agriculture (Sweden) ethics regarding animal experimentation and approved by the local Animal Ethics Committee, Gothenburg (Licence Number 280/2010). Mice were given a 0.3 mg/kg or 1.0 mg/kg single intraperitoneal injection (i.p.) of LPS (ultra pure E. coli 055:B5, List biological laboratories, Inc) at postnatal day 9 (PND9; day of birth designated PND0). In other groups of mice pups, unilateral HI brain injury was induced at PND9 as previously described (Hedtjärn et al 2002) . Briefly, the left carotid artery was permanently ligated under isoflurane anaesthesia and skin was closed using surgical glue (Vetbond, SweVet, Sweden). Animals were left to recover for one hour with the mother and were then introduced to a chamber set at 36°C with first normal air flowed through it for 10 min, followed by a mixture of normal air and nitrogen so that the oxygen concentration was kept at 10 % for 50 min (HI50). Normal air was then circulated through the chamber for 10 min after which the pups were returned to their mother and left until sacrifice. To induce a combined LPS and HI insult, mice were given a single LPS (1.0 mg/kg, i.p.) or saline injection 14 h before 20 min of HI (LPS/HI and HI20 groups, respectively). It is known from our previous studies that 20 min of HI together with LPS pre-exposure achieves a similar degree of brain injury as detected after prolonged HI (50 min) alone (Eklind et al 2001) .
Collection of tissue
No pups died as a result of LPS injections, HI or LPS/HI. At the time of tissue collection, pups were killed with an overdose of pentobarbital and used for histological preparation of brain tissue sections as described below. In separate mice the lateral choroid plexuses were microdissected out for qPCR analysis (see below). In all HI models (HI50, HI20 or LPS/HI), the left (ipsilateral) and right (contralateral) choroid plexuses of left/right lateral ventricles were dissected separately. Following LPS alone treatments, both plexuses in each animal were combined for PCR analysis.
Reverse transcription-quantitative PCR Choroid plexuses at 2-, 6-, 14-, 24-, 72-h after 0.3 mg/kg of LPS (n08-16 at each time point from at least 3 mixed litters) as well as saline-injected controls (n016) were used for qPCR analysis. In another group of animals plexuses were collected at 24 h after 1 mg/kg of LPS (n08, 3 mixed litters). Following HI50, plexuses were collected at 2-, 6-, 24-h after HI (n08, 3 mixed litters). Following LPS/HI and HI20 experiments plexus samples were collected at 2 h after HI (n08, 3 mixed litters). RNA was extracted from tissues with RNeasy Lipid Tissue Mini Kit (Qiagen, Solna, Sweden). Samples were homogenized with Qiasol lysis reagent homogenizer (Qiagen, Solna, Sweden) according to manufacturer's instructions. Total RNA was measured in a spectrophotometer at 260-nm absorbance. mRNA expression was determined by reverse transcription-quantitative PCR (RT-qPCR). First strand cDNA was synthesized using the Superscript RNase H-reverse transcriptase kit (Invitrogen, CA, USA). Briefly, 200 ng RNA from choroid plexus were mixed with random hexamer primers and dNTP (Roche Molecular Biochemicals, IN, USA) and subjected to the reverse transcription process according to the manufacturer's instructions. Each PCR (20 μl) contained 2 μl cDNA diluted 1:10, 10 μl Quanti Fast SYBR Green PCR Master Mix (Qiagen, Sweden) and 2 μl PCR primer. The following primers (Qiagen, Solna, Sweden) were used: Mm-Nfe2l2 QuantiTech Primer Assay QT00095270, Mm-Gclc QuantiTech Primer Assay QT00130543, Mm-Gclm QuantiTech Primer Assay QT00174300, Mm-HO-1 QuantiTech Primer Assay QT00159915, Mm-Abcc1 QuantiTech Primer Assay QT00139776, Mm-Gsta1 QuantiTech Primer Assay QT01772883, Mm-Rn QuantiTech Primer Assay 18 s QT1036875, Mm-Gapdh QuantiTech Primer Assay QT01658692, Mm-Ywhaz-1 QuantiTech Primer Assay QT00105350. The amplification protocol comprised an initial 5 min denaturation at 95°C, followed by 40 cycles of denaturation for 10 s at 95°C and annealing/ extension for 30 s at 60°C on a LightCycler 480 (Roche, Sweden). Melting curve analysis was performed to ensure that only one PCR product was obtained. For quantification and for estimation amplification efficiency, a standard curve was generated using increasing concentrations of cDNA. The amplification transcripts were quantified with the relative standard curve and normalized against the reference genes Rn 18S, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein (Ywhaz) and glyceraldehyde 3-phosphate dehydrogenase (Gadph).
Caspase-3, MRP1/Abcc1 immunoreactivity and TUNEL labeling
To assess apoptotic activity and to localise efflux transport protein in choroid plexuses, cleaved caspase-3 and MRP1/ Abcc1 immunoreactivity was detected on tissue sections. MRP1 has been shown to be specifically localized to the choroid plexus in the rat (Gazzin et al 2008; Ek et al 2010) . At 24 h after 1 mg/kg LPS injection, saline injection or HI 50/20, LPS/HI animals were collected and brains prepared for immunocytochemical analysis (n05 for each group, mixed from 2-3 litters). Pups were transcardially perfused with cold heparinised saline for about 30 s followed by cold Histofix (Histolab, Sweden) for 5 min using a syringe pump. Flow rate was set to the estimated total blood volume (10 % of body weight) per minute. Brains were dissected out and left in Histofix overnight in the fridge, washed in 70 % ethanol, embedded in paraffin and coronal 5 μm sections cut of the hemispheres. For immunohistochemistry, sections were baked in 60°C oven, paraffin removed by xylene, and sections rehydrated in decreasing concentrations of ethanol. Sections were then gently boiled in citrate buffer (pH 6.0) for 10 min and blocked by incubation in 3 % H 2 O 2 in PBS for 10 min followed by 10 % goat serum for 30 min, before incubation in rabbit anti-active caspase-3 (1:100; BD Pharmingen, Cat#559565) or rabbit anti-MRP1 (1:100; Alexis, Cat#ALX-210-841) overnight in fridge. Sections were then incubated for 2 h with biotinylated secondary antibodies against the appropriate species (1:250; Vector), followed by avidin-peroxide complex (ABC kit PK-6100; Vector) for 1 h, and developed with DAB kit (SK-4100, Vector) including nickel enhancement according to manufacturer's recommendations.
In addition, DNA strand breaks were detected with deoxynucleotidyl transferease-mediated dUTP nick end labeling (TUNEL). For this, sections were processed as above including citrate buffer treatment, blocked in 3 % bovine serum albumin (30 min) and incubated in TUNEL reaction mixture, made up of 150 U/mL recombinant deoxynucleotidyl transferase (rTdT; Invitrogen, Carlsbad, USA) and 20 nmol/mL biotin-16-dUTP (Roche Applied Science), at 37°C for 60 min. Visualization was carried out as above with ABC-kit and DAB. Control sections included omission of primary antibodies for immunoreactivity and rTDT for TUNEL labeling.
Statistics qPCR data collected from LPS injected mice were analyzed with two-way ANOVA followed by Bonferroni's post-hoc test with a 95 % confident interval. qPCR data from the HI and LPS/HI experiments were determined using paired t-test with a 95 % confident interval. Data from the LPS model are presented as fold change over control±SEM, while data from the HI (HI20/50) and LPS/HI models are presented as fold change between left and right ventricular (left/right) plexus±SEM. Significance levels were set at * p≤0.05, ** p≤0.01, *** p≤0.001. All statistical analyses were performed using GraphPad Prism (GraphPad Software).
Results
Effect of LPS on Nrf2 and Nrf2-gene targets
To examine the effect of systemic inflammation on the Nrf2-system in the choroid plexus, the expression of Nrf2 and its gene targets was studied after systemic LPS administration. Analysis was performed at different time points (2-, 6-, 14-, 24-and 72-h) comparing a saline-injected group of mice (control) with animals injected with 0.3 mg/kg (all time points) or 1.0 mg/kg (24-h time point) of LPS (Fig. 1) . The gene expression of Nrf2 and Nrf2 target gene Gclc, was decreased at 24 h after 0.3 mg/kg and 1 mg/kg LPS. For Nrf2 there was a 51 % decrease compared to control after 0.3 mg/kg (p≤0.05) and 62 % decrease after 1 mg/kg (p≤0.05), and for Gclc there was a 56 % decrease after 0.3 mg/kg (p≤0.01) and 57 % after 1 mg/kg (p≤0.05) but either was unaffected at other survival times (Fig. 1a & b) . The mRNA expression for Gclm was significantly upregulated by low dose of LPS (0.3 mg/kg) at 2 h (35 % increase compared to control, p≤0.05), while it was down-regulated by 1 mg/kg LPS at 24 h (56 % decrease compared to control, p≤0.05, Fig. 1c) . A biphasic response was seen for HO-1 transcript after low dose of LPS: mRNA was strongly upregulated at early survival times (2 h: 79 % of increase compared to control, p ≤ 0.001; 6 h: 65 % increase compared to control, p≤0.01; Fig. 1d ) and at the later time point (72 h: 105 % increase compared to control, p≤0.01; Fig. 1d ). No effect was seen at other times or after 24 h of 1 mg/kg LPS dose.
Effect of HI50 on Nrf2 and Nrf2-gene targets
To investigate the effects of non-infectious injury on the Nrf2-system the mRNA expression of Nrf2 and its target genes were analyzed at 2-, 6-, 24-h following HI50. As has been shown previously , this insult Fig. 1 Expression of mRNA of Nrf2 and Nrf2 target genes in choroid plexus after systemic LPS injection. The mRNA expression of Nrf2 and its gene targets were analyzed in choroid plexuses of PND9 mice after i.p. injection of low dose LPS (0.3 mg/kg) at 2-72 h (n08-16 per group) and at 24 h after high dose LPS (1 mg/kg; n08). Reverse transcription-quantitative PCR analysis showed a down-regulation of Nrf2 expression at 24 h after injection with both LPS doses (a). Similarly, at 24 h both LPS doses reduced the mRNA of Gclc (b).
Gclm was upregulated by low dose of LPS at 2 h while it was downregulated by high LPS dose at 24 h after treatment (c). A dual phase effect was seen for mRNA of HO-1 after low dose of LPS: mRNA was strongly increased both at early survival times (2 and 6 h) and late time point results in unilateral injury confined to brain regions in the left hemisphere, especially the hippocampus but also cortex, striatum and thalamus whereas the right (contralateral) hemisphere remains undamaged. At 2 h after HI50, Nrf2 mRNA expression in plexuses from the left lateral ventricle was significantly higher compared to expression in plexuses from the right lateral ventricle (50 % higher, p ≤ 0.01; Fig. 2a ) but was not different at 6 and 24 h. Similarly to Nrf2, higher mRNA expressions for Gclc and Gclm were detected at 2 h in plexuses from left ventricle compared to the right (260 % and 130 % higher for Gclc and for Gclm, respectively, p≤0.05; Fig. 2b & c) . The expression of Gclc in the plexus from the left ventricle was also significantly higher at 6 h (103 % higher, p<0.05; Fig. 2b ). HO-1 mRNA in the left plexus was strongly upregulated at 2 h compared to right plexus (541 % higher, p≤0.01; Fig. 2d ) and was also significantly higher 6 h after HI50 (189 % higher, p≤0.01; Fig. 2d ).
Effect of LPS/HI on Nrf2 and Nrf2-gene targets
To examine whether pre-exposure of LPS influences the expression of antioxidant genes after HI, we investigated the effect of combined LPS/HI. Analysis was performed 2 h after LPS/HI or HI20, the time point with the maximum effect on anti-oxidant responses observed after HI50 alone (Fig. 2) . Similar to the results shown following HI50 (Fig. 2a) , HI20 treatment increased the Nrf2 mRNA expression in the plexus of the left lateral ventricle (25 % higher, p≤0.05; Fig. 3a ) compared to the right, while LPS exposure prior to HI (LPS/HI) abolished this effect (left/right ratio 0.96, p 00.44; Fig. 3a) . Gclc mRNA was significantly upregulated in the left plexus 2 h after both HI20 (61 % higher, p≤ 0.05; Fig. 3a) and LPS/HI (78 % higher, p ≤ 0.01; Fig. 3b ). HI20 did not affect the Gclm transcript while there was a down-regulation of the mRNA in the plexus in the left ventricle following LPS/HI (15 % decrease, p≤0.05; Fig. 3c ). HO-1 mRNA in the left plexus was upregulated in both HI20 (178 % higher, p ≤ 0.05; Fig. 3d ) and LPS/HI pups (200 % higher, p ≤ 0.01; Fig. 3d ).
Effects of inflammation on transport-related genes and efflux protein
To investigate the expression of efflux and detoxification protein in choroid plexus, mRNA levels of MRP1/Abcc1 and Glutathione-S-transferase (Gst) were analyzed after LPS (2-72 h), HI50 (2-24 h), HI20 (2 h) and LPS/HI (2 h). There were no significant changes in MRP1 mRNA expression following LPS (Fig. 4a) or HI50/HI20 (Fig. 4c & e) , while Fig. 2 Expression of mRNA for Nrf-2 and Nrf2 target genes in choroid plexuses after 50 min hypoxia-ischemia (HI50). The mRNA expression for Nrf2 and its gene targets were analyzed in choroid plexuses from the ipsilateral (left) and contralateral (right) ventricles at 2-, 6-and 24-h after 50 min HI (HI50) at PND9. Nrf2 gene expression in plexuses from ipsilateral side was significantly higher at 2 h but not at 6-and 24-h after HI in comparison to the plexuses from the contralateral hemisphere (a). All Nrf2 target genes showed similar temporal changes after HI50 with the highest upregulation at 2 h, less upregulation at 6 h and normal levels at 24 h The presence of MRP1 protein was also evaluated in tissue sections by immunohistochemistry. In brains from naïve control animals MRP1 protein expression was specifically localized to the choroid plexus and was not detected in other parts of the brain (not illustrated). Control tissue sections showed basolateral localization of this protein in choroidal epithelial cells (Fig. 4g ) and this arrangement was not affected in all treatment groups (not illustrated).
The mRNA levels of Gst did not change after LPS (Fig. 4b) , while it was higher in left ventricular plexuses both 2 h (640 % higher, p≤0.01) and 24 h after HI50 (690 % higher, p≤0.01; Fig. 4d ). HI20 did not affect the mRNA expression of Gst, while there was an increase in expression following LPS/HI in the left plexus compared to the right (262 % higher, p≤0.05; Fig. 4f ).
Caspase-3 immunoreactivity and TUNEL reaction
Immunohistochemistry for active caspase-3 was performed to detect apoptosis in choroid plexus after all treatments. In control tissues at PND9 occasional cells in the hippocampus, cortex and thalamus were positive for caspase-3 but the choroid plexus epithelial cells remained devoid of staining (Fig. 5a) . No obvious differences in the number of caspase-3 positive cells could be seen after 1 mg/kg LPS injections compared to control tissue (Fig. 5b) . In contrast, after HI50 a great number of caspase-3 positive cells were present in brain regions around the left brain ventricle (Fig. 5c ). HI20 resulted in some caspase-3 positive cells in hippocampus, while following LPS/HI there were a large number of caspase-3 positive cells in tissues surrounding the lateral ventricles. However, no caspase-3 positive epithelial cells were detected in the choroid plexus following any treatment group. The 
Discussion
In this work we report modulation of the mRNA expression of several components of the Nrf2-dependent antioxidant system in choroid plexus after three different insults in newborn mice. Systemic inflammation, elicited by LPS, induced mixed responses in Nrf2-dependent genes in the choroid plexus, while a prolonged period of HI (50 min) generally resulted in a marked increase in the expression of these transcripts. When LPS preceded HI, several of the HIinduced modulations were prevented. None of the insults were associated with apoptotic cell death or alterations in expression of one of the major efflux transport proteins in the choroid plexus, except for LPS/HI that induced an increased expression of MRP1.
In general, LPS induced a down-regulation of the mRNA expression for Nrf2, Gclc and Gclm at 24 h, an effect that was most pronounced with the higher LPS dose (see Fig. 1 ). Similarly, Nrf2 regulation has been found to be reduced in liver (Ko et al 2008) and eye (Nagai et al 2009) following LPS-induced endotoxemia, which was related to inflammatory processes. Activation of Nrf2 has been shown to lessen oxidative stress by induction of phase II detoxifying antioxidant enzymes (Calkins et al 2010; Chen et al 2009; Shih et al 2005; Vargas et al 2008) . We have previously shown that cell medium from LPS stimulated microglia decreased components of the Nrf2-system in parallel with activation of p38 MAPK in astrocytes (Correa et al 2011) . The negative effects on the Nrf2-system were partly reversed by an inhibitor of p38 which protected against oxidative stress. Taken together, our and other data suggest that LPS can have a detrimental effect on several of the Nrf2-dependent anti-oxidative responses in choroid plexus. There was a dual response of HO-1 in the choroid plexus after LPS with an early upregulation of gene expression at 2 h and 6 h and a second more pronounced effect at 72 h (see Fig. 1d ). Our findings are similar to results obtained in adult animals, in which a subseptic dose of LPS induced HO-1 mRNA in the hippocampus and hypothalamus (Maeda et al 2008) . HO-1 is also induced in other highly vascularized tissues, such as heart and lung by systemic LPS (Wiesel et al 2000) . It is generally accepted that the acute induction of this enzyme is predominantly cytoprotective, however protracted or repeated up-regulation of the HO-1 gene has been suggested to perpetuate cellular dysfunction (Schipper et al 2009) . The biphasic effect seen in HO-1 expression after LPS exposure is intriguing and has several similarities with other investigations on systemic inflammation and BBB function (Huber et al 2006) . These studies also showed that a peripheral inflammatory stimuli (inflammatory pain) elicites a biphasic responses at the blood-brain barrier with different pathophysiological profiles.
It is unclear from our studies whether the effects noted on the Nrf2 system in the choroid plexus following systemic LPS administration are direct or indirect via peripheral inflammatory factors. The LPS receptor, toll-like receptor (TLR) 4, is present in the choroid plexus and circumventricular organs, and it has been suggested that signals from the periphery are mediated via this route to induce inflammation in the brain parenchyma (Laflamme and Rivest 2001) . A recent microarray analysis revealed that the mouse choroid plexus displays an acute-phase response after systemic LPS, with an upregulation of genes implicated in immune-mediated cascades and in extracellular matrix remodeling, whereas genes that codes for protein that participate in maintenance of the barrier function were down-regulated (Marques et al 2009) . We have recently investigated the mRNA expression of TLRs in the choroid plexus of newborn mice and found that several of the receptors are regulated following peripheral inflammation (Stridh et al, unpublished) . Taken together, the studies suggest that circulating LPS is likely to be able to bind to TLR4 at the choroid plexus, resulting in the changes noted in the epithelial plexus cells.
The mRNA expression of Nrf2 and Nrf2-gene targets were increased immediately after HI50/20, but all mRNA changes had returned to normal levels by 24 h (see Figs. 2  and 3 ). The increase in mRNA for Nrf2 and Nrf2-regulated genes is likely due to an early endogenous response to oxidative stress, which is known to occur during the early reperfusion phase after neonatal HI (Ferriero 2001) . Interestingly, when LPS administration preceded HI (LPS/ HI), increased mRNA expression for both Nrf2 and Gclm was prevented. Speculatively, such lack of response of components of the endogenous anti-oxidant system may be associated with the increased vulnerability to HI damage following LPS pre-exposure that we have observed earlier (Wang et al 2007) . Fig. 5 Caspase-3 immunoreactivity after systemic LPS and hypoxiaischemia (HI). In control tissue (a) as well as 24 h after 1 mg/kg LPS (b), occasional cells were positive for caspase-3 (arrowheads). At 24 h after HI a great number of caspase-3 positive cells were found in hippocampal and thalamic regions surrounding the lateral ventricle in the ipsilateral hemisphere, however, no positive cells were found in the choroid plexus. Lesions were also beginning to appear in tissue at this time (asterix in C). d is higher power micrograph from C showing that none of the choroidal epithelial cells were caspase-3 positive. In HI20 animals, the brain region around the lateral ventricles showed few caspase-3 positive cells (e) with no positive cells in the plexus (f) and in LPS/HI animals extensive caspase-3 labeling was present around ventricles (g) yet no positive cells in plexus (h). Note that all sections were counterstained with acid fuchsin and that no apparent abnormalities were found in choroidal epithelial cells after treatments. This indicates no obvious damage in the choroidal barrier forming cells after either LPS or HI. Scale bar represents 100 μm in A&B, 200 μm in C, E, G and 50 μm in D, F, H Apart from functioning as a physical barrier between blood and CSF, the plexus contain active transport mechanisms that restrict compounds from entering the CSF as well as clearing deleterious organic ions from CSF to blood (Ghersi-Egea et al 2006) . Together, these mechanisms protect the brain from toxic compounds that may enter or accumulate inside the CSF and brain. MRP1 belongs to the multi-drug resistance related proteins (ABCc family) and actively efflux phase II modified (i.e., glutathioneconjugated) compounds out of cells (Borst et al 2000) . Several previous studies in rats have shown that this protein is localized mainly to the epithelial cells of the choroid plexus and may play an important detoxifying role in this organ (Gazzin et al 2008; Ek et al 2010) . We could confirm localization of MRP1 to the basolateral membranes of epithelial cells of mice (Fig. 4c) . Localization of protein to the blood-facing side of cells implement transport from epithelial cells into the blood, thus, contributing both to barrier function and possibly also removal of toxic compounds from CSF. We did not observe any changes in either the gene or immunohistochemical expression of MRP1 after LPS or HI. However, there was an increase in the mRNA expression of MRP1 following LPS/HI, suggesting a possible effect on transport proteins in this model.
In contrast to MRP1, Gst mRNA was significantly upregulated following both HI50 and LPS/HI (Fig. 4d & f) , suggesting that transport mechanisms may be modulated at the glutathione-conjugation step under these conditions. The somewhat discrepant results between the effects on Gst and MRP1 following HI is intriguing, as both Gst and MRP1 have been reported to contain an antioxidant-responsive element (ARE) in the promoter region (Wasserman and Fahl 1997; Kwak et al 2003; Kauffmann et al 2002) . However, several other transcription factors appears to be involved in regulation of MRP1 transcription (Meijerman et al 2008; Klaassen and Slitt 2005) , while transcriptional regulation of Gsts seems to be mainly Nrf2-dependent (Tirona and Kim 2005) . It is thus possible that activation of MRP1 needs activation of additional transcription factors than Nrf2 but that Nrf2 activation is sufficient for Gst gene transcription during HI alone.
We did not find any evidence of caspase-3 activity or any DNA strand breaks in the choroid plexus and the general morphology appeared normal up until 24 h after LPS, HI20/ 50 and LPS/HI, suggesting that there was no overt damage to this tissue, although surrounding brain tissue showed clear evidence of necrosis and apoptosis (Fig. 5) . This is in contrast to a previous study of the choroid plexus after neonatal HI in the rat that showed extensive necrosis of choroid epithelial cells soon after insult (Rothstein and Levison 2002) . These differences are difficult to explain but could be due to the different species used, with mouse choroid plexus being less susceptible to HI than the rat. The discrepancy could also be a result of different severity of the overall brain injury in these two models, however, this seems less likely as there was extensive tissue damage in the surrounding brain tissues following both HI and LPS/HI in our study.
Nrf2 is a key regulator of endogenous anti-oxidant systems (Itoh et al 1999; Johnson et al 2002; Lee et al 2003) and has been shown to play a neuroprotective role in the adult by preserving blood-brain barrier function following traumatic brain injury (Zhao et al 2007) . Activation of Nrf2 by isothiocyanates in vitro was recently reported to protect from oxidative damage at the blood-CSF interface by maintaining low permeability of choroid plexus epithelial cells subjected to H 2 O 2 stress (Xiang et al 2012) . In the present study, the decreased expression of mRNA for Nrf2 and Nrf2-regulated target genes following LPS implies that the function of the inducible anti-oxidant system in the choroid plexus is down-regulated by inflammation, even if choroid cells are not structurally damaged. Further, LPS prevented the endogenous antioxidant response following HI, suggesting the possibility that peripheral inflammation may contribute to increased vulnerability of the brain via oxidative mechanisms at the blood-cerebrospinal fluid barrier interface.
